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Abstract. Differential interference contrast (DIC) microscopy is the preferred imaging
mode for studying live unstained cells and embryos. This is mainly attributed to the
optical sectioning capability which makes DIC suitable for three-dimensional
microscopy. However, DIC images are not convenient for standard computerized image
interpretation. We present here a processing algorithm that converts DIC images into a
form which is much more amenable for such analysis. The algorithm is based on
computational inversion of the directional gradient performed optically by DIC, namely
path integration (line integrated DIC, or LID). LID images relate to the refractive index
of the specimen, and are inherently positive in value, thus many powerful algorithms
developed for fluorescent images can be applied to them. The method is demonstrated
here for identifying and tracking nuclei in developing zebrafish embryos, and for
reconstructing the shape of live leukocytes.
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1. Introduction

Digital image processing has been widely applied for
structural and quantitative analyses of microscopic images
from biological specimens. The use of digital imaging
for three-dimensional (3-D) dynamic recording of live
samples requires methods for automatic processing of large
data sets. Ideally, computerized analysis should perform
morphometric and spectroscopic measurements, recognize
structural features, follow them in time to track changes
like those occurring during morphogenesis of cells, tissues
and whole organisms and quantify them. When the
objects of interest can produce high-contrast images, binary
thresholding helps interpretation based on segmentation
algorithms like skeletonization (e.g. Berns and Berns 1982)
or domain isolation (by sorting connected pixels, Presset
al (1986), Benvenisteet al (1989), Kam et al (1991)).
Algorithms for continuous adaptive thresholding were
also developed for two- and three-dimensional microscopy
(Malpica et al 1997, Kam et al 1992, Zamir et al
1998). Segmentation is simple and powerful when applied
to fluorescence microscopy, due to the specificity of
the labeling, the low background and the availability of
optical sectioning methods for thick specimens. However,
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these approaches are not applicable to the most powerful
microscopic mode of imaging for live unstained samples,
namely differential interference contrast microscopy (DIC
or Nomarski). DIC can clearly record 3-D features in
tissues of many cell layers. Depending on the optics,
whole cell organization and subcellular organelles can be
visualized. The contrast in DIC images reflects the spatial
directional gradient along the shear angle of the refractive
index, and is generated from a thin focal section (typically
a fraction of a micrometer for high numerical apertures).
DIC can generate sufficient contrast even for sub-resolution
objects (like microtubules, Walkeret al (1988, 1989); and
nanometer-displacements of spheres, Gelleset al (1988)).
When displaying larger objects like cells, DIC images
outline the borders between regions of different optical
densities such as the nucleus and cytoplasmic membranes.
However, being a directional gradient, DIC images have
no contrast perpendicular to the shear angle. This property
excludes the use of skeletonization and contour closure
for defining the extent of cellular structures. Recently,
procedures that aid visualization and interpretation of DIC
images were developed like depth projection of DIC focal
series (Ḧausler and K̈orner 1987, Schormann and Jovin
1992), and inversion of the phase problem based on
rotation of shear angle (Prezaet al 1997), but these
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works do not offer a practical solution to alleviate the
difficulties in applying automated analyses to these types
of images.

In this paper we demonstrate that a simple transfor-
mation can convert DIC images to a form applicable for
commonly used image processing algorithms. We show
that line integration of DIC images (LID) along the opti-
cal shear angle (usually 45◦) reconstructs a good approx-
imation to the refractive index of the specimen, yielding
a positively-defined image. As scattering and depolariza-
tion from out-of-focus regions partially destroy ideal DIC
beam conditioning, these contributions must be taken into
account when applying this method to thick, inhomoge-
neous specimens. An improved guess for the refractive
index in thick samples can be iteratively computed using
constrained deconvolution. This method is stable for the
positively-defined LID images, but cannot be applied to
the original DIC images, which display both positive and
negative values (about a positive bias level).

We demonstrate the application of this procedure for
3-D DIC imaging of developing zebrafish embryos for
identifying and tracking their nuclei, and for determination
of leukocyte shape.

2. Materials and methods

2.1. Oil droplet calibration slide

The tip of a Pasteur pipette was filled with immersion
oil and inserted into a strong stream of clean air directed
towards a coverslip. The density and size of the
sprayed drops could be roughly controlled by adjusting
the distance of the coverslip from the tip, and the
strength of the air stream. The coverslips were placed
on a drop of water over a glass slide with spacers
made of cut #0 coverslips. Images were acquired on
a Zeiss Axioskop microscope (Oberkochen, Germany)
by a scientific grade slow-scan high-resolution (Texas
Instruments TC215, 1024×1024 pixels, 12×12 micrometer
pixel size) cooled CCD camera (CC200, Photometrics, AZ,
USA) using a Plan Neofluar X100/1.3 objective (Zeiss
#440483) and its adjustable DIC prism (#444480).

2.2. Zebrafish imaging

Fertilized eggs were dechorionated and mounted in a
sealed chamber between two coverslips. The microscope
stage was heated to 28.5 ◦C by an air flow incubator.
Development proceeded in this chamber normally until
hatching. Images were collected using the cooled CCD with
an Achroplan X40/.75 water immersion 1.5 mm working
distance objective (Zeiss #440090 and DIC prism #444451).
Final magnification on the CCD could be adjusted in
order to capture the whole embryo in the imaged field
(600µm diameter for 1000 pixels is somewhat coarser then
required by optimal Shannon/Niquist sampling to preserve

the optical resolution, but sufficient for resolving the nuclei,
about 6µm in diameter). Alternatively, we zoomed into
regions of interest like the epibolizing germ ring as shown
in this paper. 3-D series were acquired with 2–3µm
focal steps, thus every nucleus was well resolved in two
consecutive optical sections.

2.3. Leukocyte imaging

Images were acquired in the laboratory of Dr John
W Sedat (University of California at San Francisco, USA)
by Orion Weiner. A finger-pricked blood droplet was
allowed to coagulate on a glass slide, the blood clot
washed and the slide mounted for imaging by a Zeiss
Axiomat X100/1.3 objective with DIC optics. Fiber-optical
transillumination scrambling was applied, with on-line
pixel-by-pixel correction for non-uniform field illumination
and variations in CCD sensitivity.

2.4. Image processing and visualization

Image processing and visualization programs were devel-
oped for use with the ‘Priism’ software package which runs
on Silicon Graphics workstations (available from Applied
Precision, Issaqah, WA 98027-8929, USA). The program
can display and process movies containing hundreds of
high-resolution multi-dimensional images. Processing rou-
tines use automated and interactive image interpretation al-
gorithms, which may be used on-line or as batch processes.

3. Results

3.1. The LID algorithm

The stages in LID processing of the acquired DIC images
are summarized schematically in a flow chart (table 1). The
mathematical operations involved are explained below.

DIC image contrast is generated by interference
between two slightly displaced beam cones focused to a
point in the specimen. Positive and negative contributions
correspond to differences in the accumulated optical paths
between these two beams. The dominant contribution to
these differences occurs near the plane of focus, where
the beam displacement is comparable to the extent of
the diffraction-limited region traversed by the converging
beam at focus. Out-of-focus differences are small, since
both defocused beam cones average practically identical
optical paths over mostly overlapping regions (neglecting
the small contribution of the displaced boundary). As the
displacement is designed to be about half the focused beam
extent, the DIC mode preserves the objective resolution.

Given the bright-field 3-D point-spread function (3-D
PSF) for an objective,P(x, y, z) ≡ P(r, z), the DIC PSF,
D(x, y, z) ≡ D(r, z), can be approximated by a difference
between two bright-field PSFs displaced by a ‘shear vector’
∆r = (1x,1y), whose direction (‘shear angle’, usually
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Table 1. Flow chart for the reconstruction of LID from DIC images.

Symbols used
P(r, z): The 3-D bright field PSF for an objective:

theoretical (e.g. Stokseth 1969) or experimental (fluorescent beads).
D(r, z): The DIC PSF (see for example figure 1(A)):
Equation (1) D(r, z) = P(r +∆r/2, z)− P(r −∆r/2, z)
∆r = shear vector. Obtained by best fit of images of beads (or scratches) toS(r, 0)⊗2 D(r, 0),
S = simulated point (or line) image. Alternatively, fit power spectrum of DIC image to CTF× sin(k ·∆r).
I (r, z): The measured DIC image at focal planeZ (see for example figure 1(C)).
J (r, z): The corresponding (computed) LID image (see for example figure 1(D), (E), (F)).
Equation (11) LID calibration in terms of refractive index:1n = (noil − nwater)J/Jc

Nearest-Neighbor deconvolutionfor focal series of DIC images.
Equation (7) I ′′(r, z) = I (r, z)− α{I ′(r, z+1z)+ I ′(r, z−1z)}
Equation (8) I ′(r, z±1z) = I (r, z±1z)⊗2 P(r,±1z)
1z is the focal step.α ≈ 0.45.
Can be replaced for a single section image by high-pass filtering.

Iterative, section-by-section reconstitution(for everyz).
Initial guess for the LID image by line integration (see figure 1(E)):
Equation (10) J ′′0 (r, z) = −

∫ 0
∞
∫ d
−d{I ′′(r + s∆r + t∆q, z)− I ′′(r − s∆r + t∆q, z)} exp(s/s0) ds dt

Integration range,d, is comparable to the resolution.∆q ⊥∆r.
LID deconvolution iterations (N = 1, 2, . . .)
Equation (3) IN(r, z) = J ′′N−1(r, z)⊗2 D(r, z = 0)

1IN(r, z) = I ′′(r, z)− IN(r, z)
Equation (10) 1JN(r, z) = −

∫ 0
−∞

∫ d
−d{1IN(r + s∆r + t∆q, z)−1IN(r − s∆r + t∆q, z)} exp(−s/s0) ds dt

J ′′N(r, z) = J ′′N−1(r, z)+1JN(r, z) (J ′′N(r, z) ≥ low constraint) (see figure 1(F))
Check convergence:∫ {1J ′N(r, z)}2 dr/

∫ {J ′N+1(r, z)}2 dr � 1

45◦) is defined by the aligned polarizer/analyser and
Wollaston prism orientations and whose length is set by
the Wollaston prism shear (Cogswell and Sheppard 1992):

D(r, z) = P(r +∆r/2, z)− P(r −∆r/2, z). (1)

Identical amplitudes for the two PSFs can be assumed,
which is sufficiently close to the practical situation. The
DIC PSF shows in-focus a displaced difference between
two diffraction-limited bright-field PSF peaks. Figure 1(A)
illustrates the features of the in-focus DIC PSF. It can be
evaluated theoretically (e.g. evaluatingP(r, z) according to
Stokseth (1969) and using equation (1) to obtainD(r, z),
Galbraith (1982)), or measured from the images of small
beads (P(r, z) from fluorescent beads, orD(r, z) directly
in the DIC mode, Gelleset al (1988)).

The amplitude of the out-of-focus DIC PSF vanishes as
the extent of the defocusing beam (out-of-focus section of
the beam cone) becomes comparable to∆r. Although the
maximal amplitude of the image of a defocused fluorescent
point source in wide field microscopy also vanishes, the
integrated intensity remains roughly constant even far from
the focus. On the other hand, the out-of-focus integrated
intensity for DIC vanishes very quickly, which is the origin
of its optical sectioning property.

When a 3-D specimen with refractive indexO(x, y, z)
≡O(r, z) is imaged using DIC optics, the recorded image
at focal planez, I (x, y, z) ≡ I (r, z), will be given by the

3-D convolution,⊗3, with the DIC PSF,D(r, z):

I (r, z) = O(r, z)⊗3 D(r, z)+ B. (2)

B is a bias level generating, on average, a gray
background intensity over which positive and negative
features are added, reflecting refractive index variations.
Due to the optical sectioning property discussed above,
the 3-D convolution can be well approximated by
decomposition, for every separatez, into section-by-section
2D convolutions,⊗2, with the in-focus PSF,D(r, z = 0):

I (r, z) = O(r, z)⊗2 D(r, 0)+ B. (3)

The result of the above convolution for the simulated 2-D
disk in figure 1(B) is presented in figure 1(C). The shadow-
like appearance of the disk mimics DIC images of nuclei.

Using equation (1), the 2-D DIC convolution can be
expressed as two consecutive ‘optical operations’ on the
refractive index: convolution with the bright-field PSF,
P(x, y, z = 0) ≡ P(r, 0), and then sheared difference:

J (r, z) = O(r, z)⊗2 P(r, 0). (4)

I (r, z) = J (r +∆r/2, z)− J (r −∆r/2, z)+ B
∼ ∂J (r, z)/∂r ·∆r + B. (5)

I (r, z), the measured DIC image, is closely approximated
by a directional gradient (along the shear angle) ofJ (r, z).
As ∆r is comparable to the resolution of the image, the
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Figure 1. Illustrative simulation of DIC and LID images. For the purpose of quantitative presentation, intensity line-scanned profiles are
shown. (A) Light microscope in-focus PSF in the DIC mode, calculated as a difference between two bright-field PSFs, displaced along
the 45◦ shear angle by half their width. Experimentally measured (e.g. small fluorescent beads) or theoretical objective PSFs (Stokseth
1969) can be used. Here two-Gaussian-difference is displayed for simplicity. (B) Simulated disk. (C) DIC image calculated by
convolution of the disk of (B) with the PSF in (A). The shadow-casting appearance is typical for DIC images of nuclei. (D) LID image,
calculated by 45◦ line integration of (C), which retrieves the original disk in (B) blurred due to the in-focus bright-field PSF finite
resolution. (E) LID image of (C) with bi-directional decay. In real images it suppresses random noise and subtracts the bias, but also
reduces the LID intensity within large areas of higher refractive index, such as that inside the disk. (F) LID deconvolution, ‘filling’ the
reduced intensity inside the disk. Sub-images 1–4 correspond to the result following three, six, nine and 12 iterations. Note that the
amplitude of the high-frequency oscillations at the disk edge stays bound due to the constraint.
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finite difference in equation (5) and the analytical gradient
(the limit for ∆r → 0) are infinitesimally close. The
inverse operation, namely line integration, will retrieve
J (r, z) from I (r, z),

J (r, z) =
∫ 0

−∞
[I (r + s∆r, z)− B] ds. (6)

where∞ means in practice that integration starts from the
extreme borders of the image. This inverse operation for
the 2-D image consists of independent 1-D integrations,
carried out for each line and covering the whole image.
Figure 1(D) is the LID image resulting from such integra-
tion along 45◦ lines for the DIC image at figure 1(C). It re-
constructs the disk-like refractive index distribution. Note
that the disk edges are smeared due to the finite resolution
of the bright-field PSF.

As seen in figure 1(C), the ‘shadow’ cast by the disk
is strongest along the shear angle and diminishes normal to
it. Equation (5) implies a decrease proportional to the dot
product between the shear and the vector vertical to the disk
edge, giving a cos(β) factor (β is angle with the shear).
Nevertheless, integration along all parallel lines crossing
the shaded disk yields the same value inside the disk in
figure 1(D). The reason is that the line integration along
the shear angle crosses the disk edges in a path longer by
a factor of 1/ cos(β), compensating for the lower shadow.
Although this result holds true analytically even for the
direction perpendicular to the shear, in practice integration
tangential to high-contrast features may cause some artifacts
(see the weak streaks extended at 45◦ from both sides of
the droplets in figure 2(B)).

DIC images of thick specimens, such as embryos,
include in addition to sharp in-focus gradient-like features
also slow-varying components. These result from
disruptions of the DIC beam conditioning, for example by
scatter and depolarization, that occur in the out-of-focus
regions of the specimen. To eliminate these components
we pre-process the 3-D stack of DIC images by subtracting
out-of-focus contributions using the approximated nearest-
neighbor deconvolution (Agard and Sedat 1984):

I ′′(r, z) = I (r, z)− α{I ′(r, z+1z)+ I ′(r, z−1z)} (7)

where I ′(r, z ± 1z) are the 2-D (blurring) convolution
of the sections with focus1z above/belowz with the
corresponding out-of-focus PSF,P(r,±1z):

I ′(r, z±1z) = I (r, z±1z)⊗2 P(r,±1z). (8)

Equation (7) can be considered an elaboration of ‘mottle-
subtraction’ that was applied in enhanced video microscopy
to relatively thin specimens (Allenet al 1981, Inoúe and
Spring 1997). For thick specimens like zebrafish embryos,
nearest-neighbor deconvolution was found to effectively
eliminate out-of-focus contributions of the yolk cell.α
is a scale factor which, for fluorescence, assumes an

optimal value of 0.45 (Agardet al 1989). Unlike the
idealized fast vanishing of the out-of-focus PSF for DIC, the
experimentally-measured contributions for thick specimens
cannot be accounted for by an optical model. We therefore
tested the value ofα visually according to the elimination
of identified out-of-focus features. For both the zebrafish
embryo and the leukocyte cellsα ≈ 0.45 was found to
be adequate (figure 4(A)). Smaller or larger values clearly
caused under- or over-subtraction. For DIC images that
present a single focal plane, subtraction of low-frequency
image components (high-pass filtering) is an excellent
substitute. We employ a fast ‘box filter’ algorithm (Kamet
al 1992) with box size larger than a typical size of features
of interest in the image.

Nearest-neighbor out-of-focus subtraction creates a
visibly ‘flat’ background, yet the long integration path in
equation (6) leads to the accumulation of random noise
(proportional to the square root of the number of pixels in
the integration), and the inclusion of slowly-varying image
components. We suppress this effect by incorporating
an exponential ‘decay’ factor in the integration, which is
selected to be larger than the size scale of the features
of interest (e.g. the nuclei). Since DIC PSF is anti-
symmetric with respect to a mirror plane perpendicular
to ∆r, integrations in opposite directions are inverse in
sign. Taking the difference between integration in two
opposite paths along the shear angle (‘bi-directional decay’)
cancels the asymmetry introduced by the decay, as well as
eliminating the contribution of the bias levelB:

J ′(r, z) =
∫ 0

−∞
{I ′′(r + s∆r, z)

−I ′′(r − s∆r, z)} exp(s/s0) ds. (9)

In order to reduce noise, the integration algorithm allows
optional averaging along the direction∆q perpendicular to
the shear vector∆r in a strip of width±d that is taken
comparable to the resolution:

J ′′(r, z) =
∫ 0

−∞

∫ d

−d
{I ′′(r + s∆r + t∆q, z)

−I ′′(r − s∆r + t∆q, z)} exp(s/s0) ds dt. (10)

Figure 1(E) shows the effect of the bi-directional decay on
large uniform regions of higher or lower refractive index,
where LID image intensities are correctly represented close
to boundaries, but tend towards zero further away.

We use iterative constrained deconvolution to improve
the resultant refractive index. The correction is estimated
from comparison between the acquired DIC image and
convolution of the LID image with the DIC PSF. This
diminishes the effects of the approximations introduced
in the ‘inverse’ derivation of LID from DIC (like the
decay factor and integrative accumulation of noise). The
inherently ill-defined deconvolution algorithm has been
shown to be stabilized by imposing constraints like
positivity for fluorescent images (Sezan and Stark 1987,
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Figure 2. Images of oil droplets sprayed on a coverslip in water. (A) DIC image, scale bar= 10 µm. (B) LID image corresponding to
(A), depicting the oil droplets as bright areas. (C) Deconvoluted LID image showing increased contrast and reduced ‘decay’ effects.
(D) Average droplet brightness for a series of LID images obtained as a function of DIC prism adjustment. The dependence is fitted by
a line, crossing zero at the middle of the adjustment range, with positive brightness for adjustment to one side, and negative brightness
for the other side due to inversion of the DIC shadow-casting effect. The fitted line allows one to calibrate specimen refractive index
differences in terms of LID image brightness: DIC prism adjustment (set by the known angle of turn of the prism screw) gives the
corresponding LID intensity for the oil–water difference,Jc, (dashed line) for insertion in equation (11). AU: arbitrary unit (for the
adjustment corresponds to a 90◦ incremental turn of the DIC prism screw).

Agard et al 1989, Koshyet al 1990, Carrington 1990,
Snyderet al 1992). However, positivity cannot be applied
directly to DIC images that contain positive and negative
values (about an arbitrary bias). By converting the problem
to that of solving for the positively-defined refractive index,
positivity can be imposed and an improved solution can be
iteratively approached. In fact for biological specimens,
with a known range of refractive indices, even tighter
constraints can be imposed. The iterative steps for such LID
deconvolution are performed for eachz section as follows
(see also the flow chart in table 1).

(1) An initial approximation to the refractive index,
J ′′0 (r, z), is calculated from the preprocessed (equations (7)
and (8)) DIC image, I ′′(r, z), by line integration
(equation (10)).

(2) Corrections are then applied iteratively.
(i) IN(r, z), the predicted DIC image, is calculated by

convoluting theN − 1 iteration of the refractive index,
J ′′N−1(r, z), with the in-focus DIC PSF (equation (3),
ignoring the bias,B, since it is eliminated in the bi-
directional integration).

(ii) 1IN(r, z), the difference betweenIN(r, z) and the
observed preprocessed imageI ′′(r, z), is LID integrated
(equation (10)), and the resulting incremental correction to
the refractive index,1JN(r, z), is added to the previous
estimateJ ′′N−1(r, z) to yield J ′′N(r, z). The result is clipped
if it is lower than the constraint, and the convergence
criterion is applied to terminate the iteration. The
processing time for a 512× 512 image on the Silicon
Graphics INDY is 15–30 s.
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Figure 3. Log power spectrum of a DIC image. Zero frequency is at the center of this image. The split peaks (see intensity line scan
profile) are the result of the single PSF peak modulated by the plane wave, sin(k ·∆r), due to the Wollaston prism shear. Scale
bar = 5 µm−1.

Figure 1(F) shows deconvoluted LID images after
three, six, nine and 12 iterations. The ‘filling’ of the
inside of the disk can be seen. Thus the deconvolution
iterations can correct for the decay effects. Line-to-line
noise caused by a long decay factor is also rectified by the
deconvolution. Note that the amplitude of high-frequency
components, evident at the disk edges, stays bound due to
the stabilization by the constraint.

3.2. Applications

Figure 2(A) is a microscopically acquired DIC image of
immersion oil droplets in water, showing features similar
to the simulated disk in figure 1. Figure 2(B) is the result
of LID processing that converts the shadow-like gradient
image into an image showing the droplets as bright disks
of higher refractive index. Figure 2(C) is the deconvoluted
image. Since the droplets stick to the coverslip as half-
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Figure 4. Imaging of a live zebrafish embryo during epiboly. (A) Nuclei of cells near the spreading front (moving from left to right)
are displayed. The DIC image also strongly contrasts cell outlines, resulting from cell-height accumulated optical path through
intracellular fluids, and contains a strong diffused contribution accumulated from refraction and scatter in the long optical path within
the yolk. Nearest-neighbor subtraction of out-of-focus contributions displays here reduced yolk and lower intercellular shadows.
(B) Iterative deconvolution of the DIC PSF using LID as described in the text, showing the nuclei as white circles. Contributions of the
intracellular fluids are still high, but can be morphologically distinguished from the nuclei. Scale bar= 50 µm.
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domes, larger size implies a thicker oil layer. Still, the
brightness in the LID image for droplets larger than about
0.5 µm is independent of their diameter. This is a
quantitative confirmation that DIC imaging can be separated
into independent 2-D optical sections, which allows one
to calibrate the LID image brightness in terms of local
refractive index differences. A series of LID images of
droplets were acquired with incremental adjustment of the
DIC prism screw (the displaceable Wollaston prism behind
the objective), and the average brightness of the disks is
plotted as a function of the adjustment (figure 2(D)). The
linear dependence of brightness on DIC prism adjustment
relates the slope with refractive index difference between
oil and water. Once calibrated, and given the adjustment,
the corresponding LID intensity for oil droplets in water,
Jc, is read from figure 2(D) and LID intensity,J , can be
mapped to refractive index difference,1n, according to

1n = (noil − nwater )J/Jc. (11)

For biological samples, in which the solution defines the
border of the DIC image, the absolute refractive index
simply equalsnwater +1n. J can be positive or negative
(i.e. for air bubbles), but for cells it is typically in a narrow
range betweennwater and 1.5 (for chromatin).

The DIC PSF, needed for the deconvolution, can be
measured by imaging a small bead. This method is very
sensitive to slight defocus, and a finely spaced focal series
should be analysed (e.g. 0.05 µm steps for the×100/1.3
objective). When the bright-field PSF is known (usually
from images of small fluorescent beads) one can obtain∆r
by best fitting the image of a bead or a diamond-scratched
line with the 2-D convolution (equation 3) between the
in-focus, ∆r-dependent DIC PSF (equation (1)) and a
simulated point or line, respectively.

Alternatively the DIC image itself contains the
information about∆r. The image created by DIC optics
is the convolution of the refractive index with the objective
DIC PSF. This convolution can be carried by multiplication
in Fourier space with the contrast transfer function, CTF,
which is the Fourier transform (FT) of the PSF. The FTs of
DIC images are therefore modulated by the CTF. Figure 3
displays the log magnitude of such FTs (or the power
spectrum, zero frequency is at the center) of an image of oil
droplets. The overall width of the central peak (the bright-
field CTF) is inversely proportional to the resolution of the
objective. It is modulated by a sine wave sin(k · ∆r),
(k being the reciprocal space wavevector) with a period
given by the inverse shear vector, 1/|∆r|, splitting the CTF
central peak into two peaks (see the line scanned intensity
profile in figure 3). The line connecting the maxima (and
perpendicular to the sine wavevector recognized by its dark
node) determines the shear angle. The power spectrum can
be fitted to the bright-field CTF multiplied by sin(k ·∆r).

The procedure selected for the determination of the
DIC PSF is carried out once for each DIC prism and
objective set-up.

Figure 5. Images within a leukocyte, displaying convoluted
lamellapodia structures. (A) DIC image. (B) LID of the image
in (A). (C) Automated outline contouring of the leukocyte shape
cross section by thresholding the LID image in (B). Scale
bar= 5 µm.
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Figure 4(A) shows a DIC image taken from a series of
focal sections cutting through layers of cells of a zebrafish
embryo during the process of cell spreading to engulf the
yolk sack (epiboly). The image is displayed following
nearest-plane out-of-focus subtraction. The result of 10 LID
deconvolution iterations gives the refractive index in fig-
ure 4(B). The higher refractive index of the nuclei appears
as solid white circles. Contributions of intracellular flu-
ids are also recorded due to their different refractive index.
Such images can be processed by algorithms that depict the
nuclei automatically using matched filters or correlations.

Figure 5(A) shows one of the DIC images recorded for
a leukocyte cell, focusing about 2µm above the nucleus.
The LID operation on this image is shown in figure 5(B).
Simple binary thresholding followed by automatic outline
algorithms created the contours shown by the graphic
overlay in figure 5(C). The contours enclose the inside
of the cell, and show in this image a section through the
convoluted lamellapodia, depicting them all faithfully.

4. Discussion

In this work we have developed a line integration
algorithm (LID) for transforming light microscope DIC
images into refractive indices. The ‘shadow-casting’
presentation of nuclei and cells in DIC is transformed
into positively defined solid bright filled areas. Iterative
constrained deconvolution can be applied to generate
improved refractive index estimates for 3-D optical sections
of thick samples. Unlike the unprocessed DIC images,
LID images can be processed by computerized image
interpretation methods that were developed for fluorescent
images. Such algorithms help analyze large sets of image
data. Our application, embryonic development, requires the
recording of spatio-temporal information, the analysis of
which involves thousands of images, occupying gigabytes
of disk space. The present work allows automated nuclei
identification and cell lineage tracking in large domains
of a developing embryo, for dynamic presentation of
morphogenetic ‘flow patterns’ in wild type and mutants and
for studies of tissue differentiation and fate determination.
Previous work with similar goals was mainly based on
flourescence following micro-injection of specific DNA
labels or of tracer dyes in a few cells (e.g. Ho and Kimmel
1993). Recent work (Concha and Adams 1998) used DIC
and manual cell tracking.

From leukocyte LID images automatic 3-D shape
reconstruction is possible, and movies of motility can be
created. In the past, this task required intensive manual
work (Murray et al 1992, Felder and Kam 1994).
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